The hepatic metabolism of oxycodone by cytochromes P450 (CYP) and the UDP-glucuronosyltransferases (UGT), the main metabolic enzymes of phase I and phase II, respectively, was assessed in vitro. The N-demethylation by CYP3A4/5 and the O-demethylation by CYP2D6 in human liver microsomes (HLM) followed Michaelis-Menten kinetics, with intrinsic clearances of 1.46 L/min/mg and 0.35 L/min/mg, respectively. Although noroxycodone and oxymorphone mainly contribute to the elimination of oxycodone, the simulated total in vivo clearance using in vitro phase I metabolism was underestimated. For the first time, metabolism of oxycodone by UGT was deeply investigated using HLM, recombinant enzymes and selective inhibitors. Oxycodone-glucuronide was mainly produced by UGT2B7 (K m = 762 ± 153 M, V max = 344 ± 20 peak area/min/mg) and to a lesser extent by UGT2B4 (K m = 2454 ± 497 M, V max = 201 ± 19 peak area/min/mg). Finally, the kinetics of the drug-drug interactions were assessed using two CYP and UGT cocktail approaches. Incubations of HLM with phase I and phase II drug probes showed that oxycodone mainly decreased the in vitro activities of CYP2D6, CYP3A4/5, UGT1A3, UGT1A6 and UGT2B subfamily with an important impact on UGT2B7.
Introduction
Oxycodone (4,5-epoxy-14-hydroxy-3-methoxy-17-methylmorphinan-6-one) is a semisynthetic opioid that acts as an agonist of the and receptors in the central nervous system [1] . This drug is used to treat moderate to severe pain [2] . Oxycodone is extensively metabolized and bioactivated by hepatic cytochromes P450 (CYP), and less than 10% of the dose is excreted in urine in its unchanged form [3] . Generally, phenanthrene opioids undergo conjugative metabolism by uridine diphosphate (UDP) glucuronosyltransferases (UGT) in the liver and are excreted in urine [4, 5] . A small amount of oxycodone was shown to be excreted as conjugated form by analyzing human urine before and after treatment with ␤-glucuronidase [6, 7] . Although CYP-dependent metabolism of oxycodone is well established, the involvement of UGT in biotransformation is currently unclear. The main phase I are obtained by integrating the drug molecular descriptors and in vitro PK parameters in the model [12] .
The aim of this study was to characterize the in vitro metabolism of oxycodone by the two major drug-metabolizing enzymes pathways, phase I (CYPs) and phase II (UGTs), using ultra-high performance liquid chromatography-mass spectrometry (UHPLC-MS). The UGT isoforms responsible for oxycodone glucuronidation were identified using recombinant UGTs. Inhibition of the formation of phase I and phase II metabolites using CYP-selective and UGT-selective inhibitors was also studied to confirm the isozymes involved in oxycodone metabolism. Finally, the inhibitory effect of oxycodone on the microsomal CYP and UGT isoforms was assessed using two distinct cocktail approaches to evaluate the potential risk of drug-drug interactions involving this compound.
Materials and methods

Chemicals
Oxymorphone, oxymorphone-d3, noroxycodone, noroxycodone-d3, buproprion hydrochloride, dextromethorphan hydrobromide, phenacetin, flurbiprofen, coumarin, etoposide, chenodeoxycholic acid, isoferulic acid, azidothymidine, trifluoperazine dihydrochloride, serotonin hydrochloride, testosterone, fluconazole, naloxone, uridine diphosphate-glucuronic acid (UDPGA), fluoxetine hydrochloride, quinidine anhydrous, ketoconazole, potassium hydroxide, 4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid sodium salt (HEPES), dimethylsulfoxide, and ammonium hydroxide were provided by Sigma-Aldrich (Steinheim, Germany). Oxycodone hydrochloride monohydrate, codeine hydrochloride, d,l-4-hydroxy-3-methoxymethamphetamine hydrochloride, venlafaxine hydrochloride and midazolam were obtained from Lipomed AG (Arlesheim, Switzerland). Levemedetomidine and chlorzoxazone were supplied by Toronto Research Chemicals Inc. (Toronto, Canada). (S)-mephenytoin was obtained from Enzo Life Sciences (Lausen, Switzerland). Formic acid was purchased from Merck (Darmstadt, Germany), whereas leucine-enkephalin was obtained from Bachem (Bubendorf, Switzerland). Reduced ␤-nicotinamide adenine dinucleotide 2 -phosphate tetrasodium salt (NADPH) was provided by Applichem (Darmstadt, Germany). Acetonitrile (ACN) and methanol of ULC-MS grade were obtained from Biosolve (Valkenswaard, Netherlands). Pooled human liver microsomes (HLM) from 20 donors, UGT Supersomes from baculovirus-infected insect cells and reaction mixture-Solution B (250 mM TRIS*HCl, 40 mM MgCl 2 , 0.125 mg/mL alamethicin and 1.25% (v/v) methanol in water) were purchased from Corning (Amsterdam, The Netherlands). Ultra-pure water was supplied by a Milli-Q purification unit from Millipore (Belfort, NY, USA).
Solutions
Stock solutions were prepared at different concentrations in water (oxycodone, serotonin, trifluoperazine, azidothymidine, naloxone, fluconazole, NADPH, UDPGA), in methanol (oxymorphone, oxymorphone-d3, noroxycodone, noroxycodoned3, codeine, d,l-4-hydroxy-3-methoxymethamphetamine, chenodeoxycholic acid, levomedetomidine, venlafaxine, fluoxetine, ketoconazole, quinidine, phenacetin, coumarin, bupropion, flurbiprofen, (S)-mephenytoin, dextromethorphan, chlorzoxazone and midazolam) or in dimethylsulfoxide (etoposide, testosterone, isoferulic acid). Intermediate concentrations and working solutions were prepared according to the reports of Spaggiari or Gradinaru for phase I and phase II protocols, respectively [13, 14] .
Incubation procedures for CYP450-and UGT-dependent metabolism
For experiments regarding the formation of oxymorphone and noroxycodone, HLM (0.5 mg protein/mL) were incubated in a reaction medium containing oxycodone, NADPH and HEPES (pH 7.4, 50 mM) buffer solution. The buffer was prepared by dissolving the required amount of HEPES in water and the pH was adjusted to 7.4 with potassium hydroxide. The final incubation volume was 100 L and the final concentration of the organic solvent (methanol) was less than 0.5% (v/v). After a 3 min preincubation at 37 • C, the reaction was initiated by adding 2 mM NADPH. The incubation proceeded for 20 min at 37 • C under agitation (400 rpm). The enzymatic reaction was stopped by adding 100 L of ice-cold ACN containing oxymorphone-d3 and noroxycodone-d3 (final concentration 500 ng/mL). The precipitated proteins were removed by centrifugation (5 min at 10,000 rpm) and an aliquot of the resulting supernatant was transferred to a vial for UHPLC-MS analysis.
Regarding the glucuronidation of oxycodone, HLM or recombinant UGTs (0.5 mg protein/mL) were mixed with the incubation medium containing TRIS*HCl buffer (50 mM, pH 7.5), alamethicin (25 g/mL) and MgCl 2 (8 mM), with the final concentrations given in brackets. After 10 min on ice, oxycodone was added and preincubated for 10 min at 37 • C under agitation (400 rpm). The reaction was then initiated by adding the UDPGA cofactor (4 mM) to a total volume of 100 L. The final concentration of the organic solvent was less than 0.5% (v/v). The incubation proceeded for 80 min at 37 • C under agitation (400 rpm) and was stopped by adding 100 L of ice-cold ACN to the reaction medium. The precipitated proteins were removed by centrifugation (10,000 rpm for 10 min) and the supernatant was transferred to a vial for UHPLC-MS analysis.
Each experiment was performed in duplicate or triplicate, and blank reactions were performed in the absence of NADPH or UDPGA. The formation of oxymorphone, noroxycodone and oxycodone-glucuronide was linear with respect to the selected protein concentration and incubation times.
UGT mapping for oxycodone metabolism
In vitro screening of ten UGT Supersomes (1A1, 1A3, 1A4, 1A6, 1A9, 2B4, 2B7, 2B10, 2B15, and 2B17) that were individually incubated with oxycodone was performed to identify the isoforms involved in its glucuronidation. Incubations with oxycodone (0.5 mM) were performed according to the glucuronidation procedure described in Section 2.3.
Kinetic analysis of oxymorphone, noroxycodone and oxycodone-glucuronide production
Enzymatic kinetics were studied by measuring the formation of the major phase I metabolites in HLM, with oxycodone concentrations ranging from 30 to 1500 M, as described above. The kinetic parameters for oxycodone glucuronidation in HLM and with recombinant UGT2B4 and UGT2B7 were determined with substrate concentrations ranging from 250 to 6000 M.
2.6. Targeted inhibition of oxymorphone, noroxycodone and oxycodone-glucuronide production Targeted inhibition of oxymorphone and noroxycodone production in HLM using a CYP3A subfamily-selective inhibitor (0.3 M ketoconazole) and CYP2D6-selective inhibitors (10 M), i.e., quinidine (strong), fluoxetine (medium) and venlafaxine (weak) was assessed by incubating oxycodone at 700 M. The inhibitory effects of fluconazole (500 and 2500 M) and naloxone (500 and 1000 M) on oxycodone (2000 M) glucuronidation were assessed using HLM and recombinant UGT2B4 and UGT2B7. Control incubations (100% of the control activity) were performed in the absence of inhibitors.
Assessment of the inhibitory effect of oxycodone using the cocktail approaches
The cocktail approach used to elucidate the impact of oxycodone on the CYP probe reactions was performed as described in the authors' previous work [14] . Briefly, each incubation mixture (100 L) contained 0.5 mg protein/mL of pooled HLM, HEPES buffer solution (pH 7.4, 50 mM), 2 mM NADPH and eight probe substrates for the major hepatic CYPs. The CYP probe substrates and their final concentrations in the incubation were: phenacetin (CYP1A2, 50 M), coumarin (CYP2A6, 5 M), bupropion (CYP2B6, 5 M), flurbiprofen (CYP2C9, 5 M), (S)-mephenytoin (CYP2C19, 100 M), dextromethorphan (CYP2D6, 5 M), chlorzoxazone (CYP2E1, 40 M) and midazolam (CYP3A4/5, 2.5 M). Oxycodone was added to the incubation mixture to obtain two distinct final concentrations (300 and 700 M). The control incubation did not contain oxycodone. After a 3 min preincubation at 37 • C, the CYP450-dependent phase I reactions were initiated by adding 2 mM NADPH. The incubation took place during 20 min at 37 • C under agitation (400 rpm). The enzymatic reaction was stopped by adding 100 L of ice-cold ACN to the reaction medium. The precipitated proteins were removed by centrifugation (5 min at 10,000 rpm) and an aliquot (150 L) of the resulting supernatant was transferred to a vial for analysis. Duplicate incubations were conducted.
The inhibitory properties of oxycodone on ten UGT isoforms were simultaneously assessed using a previously described cocktail approach [13] . Briefly, two different concentrations (500 and 1000 M) of the drug were incubated with HLM and a cocktail of ten specific substrates for the main hepatic UGTs. These substrates and their final concentrations in the reaction medium were:
and testosterone (UGT2B17, 2 M). The incubation procedure was the same as previously described, with an incubation time of 45 min. After sample centrifugation, the supernatant was evaporated to dryness and the residue was reconstituted after a two-fold preconcentration step in ACN/water (1:9 v/v). Control incubations (100% of the control activity) were performed in the absence of oxycodone, and all incubations were performed in duplicate.
Instrumentation
Quantitative analysis of oxymorphone and noroxycodone production by UHPLC-MS
The Acquity UPLC system (Waters, Milford, MA, USA) was employed for the chromatographic analyses. The equipment includes a binary solvent manager, an autosampler with a 2 L loop operating in full loop injection mode, a column manager and a column oven set to 30 • C. The UPLC system was coupled in an optimized configuration with a Xevo ® QTOF mass spectrometer (Waters, Milford, MA, USA) fitted with a Z-spray electrospray ionization (ESI) source. The MS operating conditions were set as follows: the desolvation gas (N 2 ) flow was 1000 L/h (500 • C), the source temperature was 150 • C, the cone gas (N 2 ) flow was 20 L/h, the collision gas (argon) flow was 0.2 mL/min, and the capillary voltage was 3.0 kV in positive mode. The cone voltage and the extraction cone voltage were 25 V and 4.1 V, respectively. The micro-channel plates (MCPs) were operated at 2200 V with a 4 GHz time-to-digital converter. The QTOF-MS system was operated in the wide-pass quadrupole mode with a low collision energy set to 4 eV to acquire the MS data. Precursor ions were collected in the V-optics centroid mode over an m/z range of 100-1000 for both functions, with an accumulation time of 0.4 s. The analyses were acquired using programmed dynamic range enhancement (pDRE) technology and an independent reference lock-mass ion infused through the LockSpray TM interface to ensure accuracy and to decrease acquisition variability. A solution of 0.2 g/mL leucine-enkephalin (m/z 556.2771) in ACN/water (1:1 v/v) + 0.1% formic acid was used as the reference compound and was infused at a flow rate of 5 L/min. The LockSpray frequency was set to 20 s (scan duration of 1 s) and was averaged over five spectra. The monitored exact masses for oxycodone, oxymorphone, oxymorphone-d3, noroxycodone, and noroxycodone-d3 were m/z 316.1549, 302.1392, 305.1581, 302.1392 and 305.1581, respectively. Data acquisition, data handling and instrument control were performed by the Masslynx v. 4.1 software (Waters).
Reversed phase liquid chromatography (RPLC) separations were performed using a Waters Acquity UPLC ® HSS-T3 column (50 × 2.1 mm, 1.7 m) with a flow rate of 500 L/min with an injection volume of 2 L. Gradient elution (A: water with 0.1% formic acid; B: ACN with 0.1% formic acid) was used as follows: 2-7% solvent B in 2 min, 7-11.5% solvent B in 3 min, up to 80% solvent B in 0.1 min, and held at 80% solvent B to 5.6 min, followed by column reconditioning at 2% solvent B to 7 min (total analysis time). The retention times for oxycodone, noroxycodone/noroxycodone-d3 and oxymorphone/oxymorphone-d3 were 3.45, 3.28 and 1.60 min, respectively.
For the quantification of the phase I metabolites, calibration samples were prepared by spiking reference standard solutions of oxymorphone and noroxycodone into a mixture of microsomal matrix and stopped with ice-cold ACN containing oxymorphoned3 and noroxycodone-d3 as internal standards (final concentration 200 ng/mL). Depending on the expected extent of metabolite production, ten concentration levels (500-fold range) were selected for each analytical batch. Samples in tubes were centrifuged and the supernatant was directly injected into the column to assess the oxymorphone and noroxycodone concentrations in the reaction incubation samples using the calibration curves (conventional least-squared linear regression).
UHPLC-MS analysis for the CYP cocktail samples
The LC-MS instrumentation used here was identical to that described above. The same MS parameters were applied, except for the cone voltage, which was set to 30 V in both positive and negative modes. The LC separations were performed on a 100 × 2.1 mm Waters XBridge TM BEH C 18 XP column with a 2.5 m particle size and a flow rate of 400 L/min in the gradient mode (A: water with 0.1% formic acid; B: ACN with 0.1% formic acid, 2-75% B in 15 min, up to 95% B in 0.2 min, held at 95% B to 0.5 min, and then column reconditioning at 2% B to 18 min), with the first 0.5 min diverted to waste. More details about the LC-MS settings are reported in the methods presented in the previous study [14] .
UHPLC-MS for the oxycodone-glucuronide and UGT cocktail analysis
The Acquity UPLC system from Waters was equipped with a binary solvent delivery pump, an autosampler with a 2 L loop operating in full loop injection mode, and a column oven. The UHPLC system was hyphenated with a TQD triple quadrupole mass spectrometer (Waters) fitted with a Z-spray ESI source. The experiments were performed in ESI positive mode with selected reaction mode (SRM). The source temperature, cone gas ( The LC separations were performed at 25 • C on a Waters Acquity UPLC ® BEH C18 column (100 × 2.1 mm, 1.7 m) with an injection volume of 2 L and a flow rate of 0.4 mL/min. Oxycodone and its glucuronide were separated using ammonium formate buffer (pH 9.5, 20 mM) (phase A) and ACN (phase B) as the mobile phase. The buffer was prepared with an adequate volume of ammonium hydroxide solution (28% m/v) and adjusted to pH 9.5 with formic acid. The gradient profile was 2-58% phase B in 7 min. The column was re-equilibrated for 4 min at the initial gradient conditions.
UHPLC-MS analysis for the UGT cocktail samples
For the analysis of the cocktail of UGT substrates, the same LC-MS instrument described above was employed with the same operating conditions for MS, including detection in both positive and negative modes (capillary voltages: +3000 V/−3000 V). The mass transitions, cone voltages and collision energies are described in the authors' previous work [15] . The LC separations were performed on a Waters Acquity UPLC ® BEH C18 column (100 × 2.1 mm, 1.7 m) at 25 • C with an injection volume of 2 L and a flow rate of 0.4 mL/min. The mobile phase consisted of solution A (water + 0.1% formic acid) and solution B (ACN + 0.1% formic acid). The gradient was 2-66% solution B in 7 min. The column was reconditioned for 4 min at 2% solution B.
Data treatment
The kinetic constants for oxycodone oxidative microsomal metabolism and glucuronidation by HLM and the recombinant UGTs were obtained by fitting the experimental data to the Michaelis-Menten equation (Eq. (1)) using GraphPad Prism (version 5.01; GraphPad software Inc., San Diego, CA, USA).
where v is the velocity of the reaction (pmol/min/mg for major but no unit for oxycodone-glucuronide) was determined from the ratio V max /K m .
The results for targeted inhibitions studies using selective CYP and UGT inhibitors were obtained by expressing the metabolite peak area in the presence of the inhibitor as percentages of the metabolite peak area obtained in the control incubations (100% of control activity). The results from duplicate incubations are presented as the mean (±range).
Activity levels for the drug-metabolizing enzymes (CYP and UGT) obtained using cocktail approaches were expressed as percentages and assessed by dividing the metabolic ratio (specific metabolite to probe substrate peak area ratio) obtained in the presence of oxycodone with the average of duplicate values of the metabolic ratios obtained in the control samples (without oxycodone). The resulting CYPs and UGTs profiles were represented on octagonal and decagonal radar plots, respectively. Each axis represents the relative CYP or UGT activity and the total area of both the octagon and decagon corresponds to 100% of the enzymatic activities.
PBPK model for oxycodone
PBPK model for oxycodone was developed in 10 healthy male volunteers following the administration of a single dose of oxycodone 0.2 mg/kg using the SimCYP ® Population-based ADME Simulator (version 12.0 Simcyp Limited). More details about the model building and refining are reported in a previous paper [11] . The input parameters are given in Table S1 of the Supplementary material.
Results and discussion
Targeted inhibition of noroxycodone and oxymorphone production in HLM
Previous studies have reported that oxycodone Ndemethylation and O-demethylation were catalyzed by CYP3A4/5 and CYP2D6, respectively [8, 9] . Inhibition studies performed with selective CYP3A subfamily and 2D6 inhibitors confirmed the contribution of these enzymes to microsomal oxidation of oxycodone, as shown in the results presented in Fig. 2 . Indeed, ketococonazole (CYP3A subfamily inhibitor [16] ) substantially reduced noroxycodone production (61% of the control activity), but had no impact on oxymorphone production. Venlafaxine, fluoxetine and quinidine are weak [17] , medium [18] and strong [9] inhibitors of CYP2D6, respectively. They were used to confirm the contribution of this isoform to oxycodone O-demethylation. Accordingly, oxymorphone production decreased as the inhibitor potency increased, but only a weak or negligible effect on noroxycodone production was observed.
Kinetic analysis of oxymorphone and noroxycodone formation by HLM in vitro for integration into the bottom-up PBPK model
Oxymorphone and noroxycodone were produced in pooled HLM according to the Michaelis-Menten model (Fig. 3) and the resulting kinetic parameters are presented in Table 1 . Oxycodone N-demethylation was mediated by a higher affinity catalytic site (lower K m ) and displayed higher velocity value than oxycodone O-demethylation in HLM. The intrinsic clearance CL int , which describes inter alia the efficiency of the reaction, was higher for noroxycodone formation than for oxymorphone formation (1.46 and 0.35 L/min/mg, respectively). These results were consistent with a previously reported kinetic analysis of five liver microsomal preparations [8] and were used to simulate the plasma concentration-time profiles of oxycodone after the administration of a single dose of oxycodone 0.2 mg/kg to 10 healthy male volunteers using the existing PBPK model developed by Marsousi et al. (Fig. 4) [11, 19] . Based on the results of the targeted inhibition study, the CL int for noroxycodone and CL int for oxymorphone were established as being exclusively mediated by CYP3A and CYP2D6, respectively. The first simulation (Fig. 4A) showed that the total clearance of oxycodone predicted using the in vitro phase I-related CL int was underestimated. By including an additional clearance (CL add ) using the "parameter estimation" function in the software (see Table S1 ), the oxycodone profile was clearly predicted better (Fig. 4B) . As reported in the literature, glucuronidation was shown to be the second most important metabolic pathway for the clearance of clinically used drugs [20] , particularly for phenanthrene opioids. To date, the biotransformation of oxycodone by UGTs was not clearly demonstrated, in contrast to other phenanthrene opioid drugs (for instance, morphine, codeine, and levorphanol). For this reason, oxycodone glucuronidation was studied in vitro to evaluate its contribution to the additional clearance required to refine the PBPK model.
Glucuronidation of oxycodone by HLM and recombinant UGTs
RPLC has been broadly used for glucuronides analyses [21] [22] [23] [24] and particularly for highly lipophilic stationary phases such as octadecyl-bonded phases C 18 [25] [26] [27] [28] . More recently, RPLC, hydrophilic interaction liquid chromatography (HILIC), aqueous normal phase chromatography (ANPC), and subcritical fluid chromatography (SFC) were compared for their abilities to analyze UGT substrates and their corresponding glucuroconjugates [15] . This study confirmed that an overall better separation quality and better peak shapes were obtained with the stationary phases employed in RPLC and HILIC than those employed in SFC and ANPC. An acidic mobile phase is generally recommended to increase the retention of polar glucuronides (pK a of approximately 3) through hydrophobic interactions. However, a basic mobile phase was preferred to obtain sufficient selectivity towards oxycodone and its glucuronide for further quantification. Indeed, the tertiary amine functions of oxycodone (pK a = 7.6 [29] ) and its metabolite (pK a = 7.2 [29] ) are neutral at pH 9.5, whereas the glucuronide moiety of the metabolite is fully ionized (pK a = 2.8 [29] ). The UHPLC-MS/MS analysis of the incubation mixture containing HLM, UDPGA and oxycodone showed the presence of two compounds, i.e., the drug and its glucuronide. Indeed, oxycodone (m/z 316) was eluted at 5.69 min (Fig. 5A) , as confirmed by the analysis of a standard solution, whereas the signal m/z 492 corresponding to the [M+H] + ion for oxycodone-glucuronide exhibited a peak at 3.31 min (Fig. 5B) . For the latter, as a result of simultaneous MS/MS acquisition, the product ion spectrum (Fig. 5C) showed an ion at m/z 298 corresponding to the loss of the glucuronic acid (molecular weight of 194 Da). The m/z 492 compound was not observed when oxycodone was incubated without the UDPGA cofactor. This peak confirms the identity of oxycodone-glucuronide, considering that no glucuronide standard was available.
Ten recombinant UGTs were screened to identify which isoforms were responsible for oxycodone glucuronidation. As presented in Fig. 6 , UGT2B7 mainly glucuronidated oxycodone, followed by UGT2B4, whereas isoforms 1A4 and 2B17 played a minor role. No detectable glucuronidation activity was observed for UGTs 1A1, 1A3, 1A6, 1A9, 2B10 and 2B15. The involvement of UGT2B7 is not surprising because this enzyme is responsible for the conjugation of numerous drugs, including opioids [30] [31] [32] . However, compared to phenanthrene opioids, which are glucuronidated at the 3-OH and/or 6-OH positions, oxycodone only possesses a hydroxyl group at carbon 14. A previous study postulated that oxycodone glucuronidation was prevented because of the good stability and the poor accessibility of the 14-OH group in the ring structure composed of five carbons and one nitrogen atom [33] .
Inhibition of oxycodone glucuronidation in HLM and recombinant UGTs
Inhibition studies with fluconazole and naloxone were performed with HLM and the recombinant UGTs 2B4 and 2B7 to validate the results from the UGT screening. Fluconazole is known to be a selective inhibitor of UGT2B7 (IC50 = 2500 M) [34] , but an inhibitory effect on UGT2B4 has also been reported [35] . Naloxone is almost exclusively metabolized by UGT2B7 [36, 37] and was used as a probe substrate for competitive inhibition studies [38] [39] [40] . The inhibitory effect of fluconazole and naloxone on oxycodone glucuronidation activities in HLM, UGT2B4 and UGT2B7 are shown in Fig. 7A and B, respectively. At 500 M, fluconazole and naloxone barely inhibited HLM and UGT2B4 activities, whereas UGT2B7 activity was more affected (72% and 54% of the control activity with fluconazole and naloxone, respectively).
At higher concentrations, oxycodone-glucuronide production by UGT2B7 was substantially decreased (50% and 33% of the control activity for fluconazole and naloxone, respectively) and to a lesser extent for HLM and UGT2B4. These results confirm that isoforms 2B4 and 2B7 were both involved in oxycodone glucuronidation.
Kinetic analysis of oxycodone glucuronidation by HLM and recombinant UGT2B4 and UGT2B7
Because UGT2B4 and UGT2B7 represented the main isoforms responsible for oxycodone glucuronidation, kinetic studies were performed with HLM and recombinant UGT2B4 and UGT2B7. As shown in Fig. 8 , all data were best fitted by the Michaelis-Menten model and the resulting parameters are presented in Table 2 . The 2B7 isoform was more active than 2B4, with V max /K m values of 0.45 and 0.08, respectively. UGT2B7 also showed a higher affinity for oxycodone (K m values of 762 and 2454 M for UGT2B7 and UGT2B4, respectively). By comparing the HLM results with those from the recombinant UGTs, the K m values for HLM and UGT2B4 were similar, whereas the V max value for HLM was 4-to 8-fold higher than the values obtained for the recombinant UGTs. Considering the very low rates of glucuronidation, this metabolite was not quantified. These results confirm the similar recovery of oxycodone in human urine before and after enzymatic or acidic hydrolysis reported elsewhere [3, 33, [41] [42] [43] . Consequently, the additional clearance required to adjust the observed and predicted elimination profiles shown in Fig. 4B cannot be explained by the glucuroconjugation of oxycodone, and suggest that the other metabolic pathways should be considered. For example, 6-oxycodol (produced by the 6-keto reduction) and oxycodone-Noxyde (produced by flavin-containing monooxygenases) have been identified as oxycodone metabolites [44, 45] . Moreover, sulfation represents another important route of phase II metabolism [46] and could play a role in oxycodone clearance, similar to other opioid drugs [47] . The elucidation of the main metabolic routes is an important objective for early in vitro metabolic studies during drug discovery, as well as the prediction of possible drug-drug interactions. Thus, the in vitro inhibitory properties of oxycodone were studied in the next section.
3.6. Inhibitory impact of oxycodone on microsomal CYP and UGT activities using two distinct cocktail approaches
The cocktail approach has been recently discussed as a method to drastically reduce the time and costs of the assay for in vitro phenotyping of drug-metabolizing enzyme activities and for studying drug-drug interactions in a single experiment [48] . A cocktail of eight specific substrates was proposed to simultaneously phenotype the eight main hepatic CYP activities in HLM [14] . In the present study, this approach was used to assess the inhibitory properties of oxycodone on the activity of the following CYP isoforms: 1A2, 2A6, 2B6, 2C9, 2C19, 2D6, 2E1 and 3A4/5. Oxycodone was incubated with the isoforms at two relatively high concentrations (i.e., 300 and 700 M) that corresponded to the in vitro K m values that were previously established in the kinetic studies. As reported in Fig. 9A , at a concentration equivalent to the K m (300 M) of the high-affinity pathway for O-demethylation, oxycodone reduced the microsomal activities of the CYP2D6 and CYP3A subfamily by 72% and 42%, respectively. Whereas at 700 M (K m value for low-affinity pathway), oxycodone inhibited the activities of the CYP2D6 and CYP3A subfamily by 82% and 56%, respectively. These results confirmed the major involvement of the hepatic CYP2D6 and CYP3A subfamily in oxycodone metabolism. Other CYP isoforms (e.g., CYP1A2 and CYP2C19) were only weakly affected by oxycodone at the highest concentration. Based on the high concentrations needed, the inhibitory properties of oxycodone could be considered as clinically irrelevant at therapeutic levels. Indeed, the in vivo plasma level of oxycodone was measured as 0.11 M, corresponding to a 3000 times lower concentration than the one tested in vitro [11, 49] .
For phase II metabolism, another cocktail of ten probe substrates was incubated with oxycodone to simultaneously assess the impact of this drug on the activities of the ten main microsomal hepatic UGTs (i.e., 1A1, 1A3, 1A4, 1A6, 1A9, 2B4, 2B7, 2B10, 2B15, and 2B17) [13] . The decagonal inhibition profiles (Fig. 9B) showed that when the oxycodone concentration increased, the activities of UGTs 1A3, 1A6, and all 2B subfamily decreased. Thus, oxycodone inhibited the glucuronidation activity of the aforementioned isoforms, with a stronger impact on UGT1A6 and UGT2B7. Considering the high concentrations (500 and 1000 M) used in vitro, the inhibitory effect of oxycodone on phase II metabolism appears to have limited importance from a clinical point of view.
Conclusion
In summary, targeted inhibition studies in HLM with selective inhibitors confirmed the major involvement of CYP2D6 and CYP3A4/5 in oxymorphone and noroxycodone production, respectively. N-demethylation (CL int of 1.46 L/min/mg in HLM) and O-demethylation (CL int of 0.35 L/min/mg in human liver microsomes) were mainly involved in the elimination of oxycodone, but other metabolic pathways should be considered. The in vitro glucuronidation of oxycodone was studied using pooled HLM and recombinant UGTs. The isoforms 2B7 and 2B4 mainly contributed to the biotransformation of oxycodone, as confirmed by targeted inhibition studies with fluconazole and naloxone (2B4 and 2B7 selective inhibitor and 2B7-specific substrate, respectively). However, in vitro glucuronidation represented a very minor elimination pathway for oxycodone. Regarding the risk of drug-drug interaction evaluated using cocktail approaches, oxycodone did not exhibit significant in vitro inhibitory potential towards the eight monitored microsomal CYP isoforms or the ten measured microsomal UGT activities. Finally, complementary in vitro studies should be performed to better understand the apparent clearance of oxycodone.
